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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) is a sensitive vibrational 
spectroscopy technique that can enable fast and non-destructive detection of trace molecules. 
SERS substrates are critical for the advancement of the SERS application. By incorporating SERS 
substrates into microfluidic devices, the function of microfluidic devices can be extended, and an 
efficient on-site trace analysis platform with powerful sensing capabilities can be realized. In this 
paper, we report the fabrication of a rapid and sensitive optofluidic SERS device using a unique 
Au nanorod array (AuNRA) with a plasmon resonance frequency in the near IR region. The highly 
stable and reproducible AuNRA were fabricated by a facile dynamic oblique angle deposition 
technique. A typical spectrum of 4,4-bipyridine (BPY) with enhanced peaks was observed within 
a few seconds after the injection of an aqueous solution BPY. Time-course measurements revealed 
an outstandingly quick response of SERS in this system. Using the AuNR microfluidic device, 
approximately 2×10-12 mole molecules were enough to produce detectable SERS signals. This 
work demonstrates rapid and sensitive chemical sensing using an optofluidic device equipped with 
a unique noble metal nanorod array.   
INTRODUCTION 
Lab-on-chip devices are progressing towards integrating various unit operations, including 
nanostructure, surface modification, biological and/or chemical reactions, micro-channel design, 
and manufacturing. Advances in nanotechnology have accelerated the synergy combination of 
microfluidics and nanophotonics with optofluidics establishing itself in the fields of chemical and 
biological sensing.[1–3] Surface-enhanced Raman scattering (SERS) has provided the opportunity 
to design an ultrasensitive label-free lab-on-chip system owing to the high-performance assay with 
excellent sensitivity and selectivity of low sample volume.[4] Furthermore, due to the versatility 
of SERS as a non-destructive approach to chemical analysis and fingerprint characteristics, a wide 
range of SERS applications have been demonstrated in medicine, biochemistry, electrochemistry, 
and photocatalysis.[5–10] 
Well-designed noble metal nanostructure employs the attractive nanophotonic phenomenon for 
SERS sensing. [11–15] Nevertheless, it is still challenging to develop facile methods to integrate 
SERS with highly sensitive, stable, and reproducible chip-biosensing systems capable of easy 
sample preparation and dynamic analysis of target molecules. Most researchers used colloidal 
aggregation of noble metal nanoparticles mixed with an analyte molecular solution to perform 
SERS measurements. However, the interaction of analyte molecules with the colloidal 
nanoparticles inside a conventional microfluidic channel is governed by the slow diffusion forces, 
and this leads to high signal variations owing to the instability of salt-induced colloidal aggregation 
and thus low reproducibility. [16–21] On the other hand, the solid-state substrates can generate 
more reproducible signals, but the fabrication technology employed (electron beam lithography 
and focused ion beam) to fabricate ordered and uniform nanostructures requires expensive 
equipment, cumbersome preparation process, and have difficulty in mass production for 
commercial use. 
In this paper, we report a highly stable and reproducible Au nanorod arrays (AuNRAs) SERS 
platform (in near-infrared (IR) region) based optofluidic device fabricated by a facile dynamic 
oblique angle deposition (OAD) technique. For the application to the biological materials, the 
excitation in the near IR region is appropriate because the near IR is compatible with a biological 
tissues’ transparency window for non-invasive examination of biological processes and pathogenic 
bacteria in a low fluorescence background.[22] We demonstrate the convenient and real-time 
SERS sensing capability of this AuNRAs optofluidics SERS platform through using an aqueous 
solution of Raman probe 4,4’-bipyridine (BPY) with concentrations ranging from 1 mM to 100 
nM. These AuNRAs were highly reproducible and stable even after 90 days of fabrication. 
MATERIALS AND METHODS 
Fabrication of AuNRAs 
The elongated AuNRAs were fabricated using a dynamic OAD technique, in which the 
deposition angle and/or in-plane direction of the substrate can be changed during deposition, thus 
allowing to control the morphology.[23–25] The detailed fabrication process of AuNRAs can be 
found elsewhere.[11,26] SiO2 nano-columns with anisotropic surface morphology were deposited 
using the serial bideposition (SBD) method.[10,27] The vapor deposition angle α for SiO2 was 
fixed at 78.6°, and the in-plane angle was swiftly rotated by 180° after each fixed amount of vapor 
deposition. By repeating 60 cycles of SBD SCL, a thickness of dSiO2 = 600 nm was prepared, see 
Figure 1(b). Nanorod like anisotropic assemblies of Au nanoparticles was deposited on the top of 
the in-line SiO2 nano-columns. Au was deposited up to thickness tAu of 10 nm at a deposition angle 
αAu of 73.4°. The in-plane angle was not changed during the deposition of Au. The amount of 
deposition of Au was small enough to maintain the nano rod-like anisotropic ensemble of Au 
nanoparticles.  
Fabrication of Optofluidic platform 
Figure 1a shows a photograph of the polydimethylsiloxane (PDMS) AuNRAs optofluidic SERS 
device. 500 µm width ditches were prepared on the PDMS sheet by nanolithography. A 6 mm 
through hole was created in the middle of the ditch. A glass slide was placed on top of the ditch to 
make the microchannel, and AuNRAs chip (3 x 4 mm) was stuck on the other side of the PDMS 
sheet so as to close the through-hole (see Figure 1b). The volume of the sample solution required 
to fill up the sensing chamber was approximately 20 µl. Figure 1c presents the AuNRAs immersed 
in the injected solution through the microchannel. 
SERS measurements 
Figure 1. (a) A photograph of the polydimethylsiloxane (PDMS) AuNRAs optofluidic SERS 
device. (b) Cross section scheme of the sensing chamber. (c) Immersed AuNRAs with injected 
solution through the microchannel. 
In situ SERS measurements were performed after the injection of an aqueous solution of BPY 
to AuNRAs microchannel. Spectra were recorded using 785 nm laser (100 mW) Raman 
Spectrometer RAM-100S (Lambda-Vision Inc.). 
RESULTS AND DISCUSSIONS 
Figure 2a presents the bird's-eye view of the AuNRA morphology. The orange arrow represents 
the direction of Au vapor deposition, whereas the white arrows represent the direction of SiO2 
deposition. Figure 2b presents the anisotropic morphologies of the SiO2 layer. The cross-section 
parallel to the SiO2 flux incident plane reveals a narrow and long columnar structure. The 
anisotropic SiO2 layer was self-assembled without using any lithography technique. When a few 
nm of Au is deposited at a large glancing angle on the anisotropic SiO2 layer, Au sticks to the 
elevated part of the SiO2 surface. Consequently, elongated semi-parallel Au nanoparticles 
representing the anisotropic surface morphology of the SiO2 layer are obtained (see Figure 2c). 
Previously, we have demonstrated that when a small amount of Au is obliquely deposited, the 
morphology of AuNRAs depends on the growth parameters of the dynamic oblique 
Figure 2. (a) SEM images of AuNRAs; (b) side view of in-line silica columns; and (c) closeup top 
view of nanorod-like anisotropic assembles of gold nanoparticles on the columns. 
deposition.[11,23] In this study, we selected AuNRAs with plasmon resonance frequency, hence 
SERS activity, in the near IR region. The AuNRAs had a long-range uniformity > 50 × 50 mm2 
with a density of AuNPs on SiO2 columns of approximately 10–100 particles/μm2. 
Figure 3a presents the real-time SERS spectra of 5 µM aqueous solution of BPY with one second 
irradiation of 785 nm laser after every five seconds. The BPY solution was injected into the device 
after the passage of 40 s. Immediately after injection, the sample solution entered the sensing 
chamber with the SERS active AuNRAs, as shown in Figure 1c. Within 5 seconds, a typical 
spectrum of BPY with distinct peaks at 1000, 1200, 1265, and 1580 cm-1 were observed, which 
are attributed to the pyridine ring breathing, ring deformation, C = C in-plane ring mode, and C =
C  stretching mode, respectively. [28,29] Time-course measurements revealed an outstandingly 
quick response of SERS in our system. While conventional colloidal methods intrinsically required 
salt-induced aggregation procedure, in contrast, our device with AuNRAs was able to apply in situ 
Figure 3. (a) Real time SERS spectra after injection of 5 µM BPY into the AuNRAs optofluidic 
device. Solid red line is the spectrum of BPY. Dotted line is the blank spectrum of AuNRAs 
without BPY. (b) Time course map of the BPY peaks intensities depending on the elapsed time 
after the BPY injection. (c) Time evolution of 1575 cm-1 peak of BPY. 
SERS measurements without aggregation pretreatment. Figure 3(c) shows that the typical time 
course of SERS intensity follows the Langmuir’s equation of adsorption rate, which we believe, 
is one aspect of SERS adsorption phenomena. In this equation, ν represents adsorbed site of 
surface, in this case, it may be the hot spots. φ represents a kind of barrier for molecule moving 
onto the surface, one aspect is, for instance, contaminant on the surface. 
To determine the sensitivity of the optofluidic SERS chip, SERS spectra for different BPY 
concentrations were acquired by 10-second irradiation, starting with the lowest BPY 
concentration. To avoid erroneous results due to contamination of the channels with residual 
molecules, after each measurement, the solution was suctioned out, and the microfluidic channel 
was flushed with water before higher concentration solutions were added and tested. Figure 4(a) 
shows the SERS spectra of an aqueous solution of BPY in the range of 100 nM–1 mM. Figure 4(b) 
shows the intensity of the most intense peak at 1575 cm-1 as a function of BPY concentration. 
Taking the detection volume into account, almost 2×10-12 moles molecules were enough to 
produce a significant detectable SERS signal. It should be noted that the normal Raman spectrum 
Figure 4. (a) SERS spectra of aqueous solution of BPY in the range of 100 nM–1 mM; (b 
SERS intensity of the most intense peak at 1575 cm-1 as a function of BPY concentration. 
of 100 mM BPY was hardly observed without SERS active AuNRAs in our Raman spectrometer. 
Therefore, the apparent enhancement is estimated to be at least 106. 
The reusability of this AuNRAs optofluidic device is demonstrated through a series of repeated 
detection and washing experiments. Figure 5 presents the SERS spectra from 500 µM of an 
aqueous solution of BPY recorded before and after each immersion and washing step. An aqueous 
solution of BPY was injected and immersed for 3- (red curve) and 5-min (blue curve). It was found 
that the AuNR microfluidic device can be regenerated by flushing the system with deionized water 
between measurements without compromising the reusability of the system.  
In addition to sensitivity, reproducibility, and stability over a long storage period are major 
concerns for any SERS substrates. Hence, SERS measurements of BPY with different 
concentrations were performed to test the stability and reproducibility of the AuNRAs. Figure 6(a) 
Figure 5. The variation is Raman intensity of 1575 cm-1 peak after each injection and washing 
cycle. 
and 6(b) shows the SERS spectra of BPY solution two samples prepared under the same condition 
after 90 days, using a piece cut from each sample stored in a standard desiccator. The SERS 
response of AuNRAs declined slightly after 90 days as compared to that of fresh AuNRAs 
however, the SERS enhancement even after 90 days was high enough to use it as an efficient SERS 
sensor. We were able to detect BPY down to a concentration of 15.6 × 10−9 g/mL. Since Au is 
chemically stable, we believe that the SERS properties should exhibit long-term stability, so the 
decrease in the SERS intensity may be attributed to the absorption of contamination on the Au 
nanorods.  
To assess the reproducibility of the AuNRAs, the intensity of the 1575 cm−1 peak for 5 μM BPY 
solution from 7 different sites on the AuNRA substrate is shown in Figure 6(c). The variation of 
intensity was found to be within 5% for concentrations below 5 μM. However, for concentrations 
≥ 5 μM, the variation in intensity was around 20% and was found to increase with the repeated 
measurements. The increase in the SERS intensity for the high concentrations of BPY can be 
explained, considering the photothermal effect. [30] AuNRAs can act as a nanoplasmonic antenna 
Figure 6. (a) SERS spectra of BPY solution on (a) fresh AuNRAs and (b) after 90 days, on 
samples prepared under the same condition. (c) Intensity of the 1575 cm-1 peak for various 
concentrations of aqueous solution of BPY from different repetitions. 
on the exposure of laser in the near IR region. This thermoplasmonic heating of the AuNRAs can 
produce a thermal gradient in the BPY solution near the metal nanoparticles. Consequently, the 
thermal gradient can cause a significant change in the SERS intensity by forcing the analyte 
molecules to form a circular vortex ring due to thermal diffusion and convection.[30] The SERS 
intensity changes by enhancement-reduction of photothermal gradients depending upon the 
position.  However, the number of molecules may not be sufficient for the enrichment with the 
thermal gradient effect for the lower concentrations. 
CONCLUSION 
In conclusion, we demonstrated an optofluidic device based on highly stable and reproducible 
AuNRAs. The rapid and sensitive analysis was sufficiently carried with a detection limit of BPY 
down to a concentration of 15.6 × 10−9 g/mL using the AuNRAs on the microfluidic device. 
AuNRAs, we found to be an excellent and convenient nanostructure for SERS detection in 
optofluidics without any aggregation pretreatment. The combination of SERS and the microfluidic 
system can significantly contribute to broadening their application field. 
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